Measurements of equilibrium water contents (EWCs) in samples obtained from hydrothermal treatment (HT) and HT coupled with mechanical compression (HT-MC) were undertaken across a range of relative humidities (RHs) to investigate the performance of EWC and its mechanism. The changes in the concentrations of carboxyl groups and mesopore volume were measured by an improved barium ion exchange and N 2 adsorption-desorption isotherms methods, respectively. The results showed that EWCs decreased with progressively severe HT and HT-MC conditions and EWCs of HT-MC samples were lower than those of HT samples, indicating that HT and HT-MC can upgrade lignite by reducing water loading capacity and HT-MC was better than HT. At low RHs (RH ≤ 10%), the factor that controls EWC is water moleculesactive sites interactions and one to two water molecules are associated with each carboxyl group, while at medium RHs (10 < RH ≤ 92%) the amount of monolayer water and mesopore volume gain in signi cance and ca. two multilayer water molecules are bound to each monolayer water molecule. At high RHs (RH > 92%), EWC is determined by comprehensive factors such as macropores and cracks. Furthermore, EWC can be either higher or lower than residual water content (RWC) based on the RH within a threshold residual water level (ca. 5 to 16%). EWC was generally higher than RWC below a RWC of ca. 5% and the opposite relationship was observed for samples with RWC above ca. 16%. These provide information for the operation of lignite dewatering technique, the control of its water re-adsorption, and storage.
Introduction
Lignite contains abundant oxygen-containing functional groups and is highly porous, leading to it not only having high water content but also containing various types of water [1] [2] [3] [4] . Now, lignite is mainly used for electricity generation at power station located at or near a mine mainly because of its disadvantage of high water content, which decreases the ef ciency of transportation, storage, and utilization of lignite 4, 5) . Therefore, the removal of water from lignite is a signi cant process to increase its economic bene ts and competitiveness in utilization. Another problem related to the aspect of water in lignite is that dried lignite is easy to re-adsorb water under atmosphere environment, which can be attributed to RH of atmosphere environment and some physico-chemical properties of lignite. It is well known that RH changes with time, temperature, pressure, location, and so on. Thus, it is essential to investigate the mechanism of EWC in lignite at different RHs.
Valuable works on the EWC behavior of lignite have been presented. These studies showed that there are many factors (e.g., oxygen-containing functional groups, RWC, pore volume, and RH) that affect EWC of dewatered lignite [6] [7] [8] [9] [10] [11] [12] [13] . Early work was based on the measurement of adsorption-desorption isotherms of water, and water in lignite can be categorized into free, capillary, multilayer, and monolayer water, which is the basis for the scienti c studies today 7, 8) . Generally, monolayer and the second layer of adsorbed water roughly belong to non-freezable water 9) . Other multilayer and capillary water are called bound water. Schafer 10) studied the effects of carboxyl and phenolic hydroxyl groups on the EWC and found that the EWC depends primarily on the carboxyl groups and, to a lesser extent, on the phenolic hydroxyl groups. Further research 11) showed that water adsorption is assumed to occur on the active adsorption sites, and carboxyl groups are the preferential active adsorption sites on the surface of lignite when compared with the other oxygen-containing functional groups. Correlation between the RWC of Loy Yong lignite dewatered by mechanical thermal expression and the EWC at RH = 96% was investigated by Hulston et al. 3) , who found that the EWC increases with increasing RWC. This is because the difference between the internal water content of sample and water vapor in the external environment determines the ultimate steady state 12) . Furthermore, during dewatering process, the pore structure may collapse, become cross-linked, or shrink, which leads to signi cant change in water adsorption capacity of dewatered lignite 13) . Yang et al. 14) reported that the change in mesopore is the main factor that in uences the EWC of dewatered lignite.
Numerous studies showed that dewatered lignite with different RWCs either re-adsorb or evaporate water at various RHs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . As reported by Shigehisa et al. 6) and Charrière et al. 15) , adsorption process includes three steps. (1) Adsorption on active adsorption sites; (2) formation of water clusters; and (3) pore lling of water clusters and capillary condensation in narrow pores. As to evaporation process, the relative dif culty of removing different types of water is in the order: free water < capillary water < multilayer water < monolayer water 8, 16) . Although some studies on the performance of EWC of lignite have been published [11] [12] [13] [14] [15] , there are little detailed analysis of the phenomenon. Systematical investigation of this can provide useful guidelines for the targeted control of the water re-adsorption of lignite and its storage. In this study, Loy Yang lignite was treated by HT and HT-MC. We detailedly reported the in uence of carboxyl groups, monolayer water content, mesopore volume, and RWC on the EWCs at various RHs. Of particular interest was the analysis of the changes in the mechanism with increasing RH.
Material and Methods

Material
An Australian lignite (Loy Yang, LY) was used as the coal sample. The lignite sample was ground to pass through an 840-μm sieve for the experiments. The proximate and ultimate analyses are shown in Table 1 .
Methods 2.2.1 Hydrothermal treatment
Details of the HT apparatus and experimental procedure have been given previously 17, 18) . In brief, the as-received raw lignite (about 6 g) was placed in a steel lter (ϕ = 60 μm), and three of the steel lters were xed in the middle of a 0.5 L batch-type reactor (Taiatsu Techno MA22) that was equipped with an automatic temperature controller and had a maximum temperature of 400 C and a maximum pressure of 30 MPa (Fig. 1) . In order to remove air, N 2 gas was ushed through the sealed system, which was then pressurized to 1.5 MPa with N 2 gas at room temperature. A series of hydrothermal treatments were conducted at 50, 100, 150, 200, and 250 C for 40 min at an average heating rate of ca. 5 C/min. Products, which were referred to as HT50, HT100, HT150, HT200, and HT250, were collected after the reactor was cooled to room temperature.
Hydrothermal treatment coupled with mechanical
compression HT solid products and raw lignite were placed in the xed regions of lter papers so that the sizes of samples treated by the next mechanical compression are the same. A small press machine (AH-2003, ASONE, Japan) was heated to a prescribed temperature (110 C). After con rmation that the temperature had reached the desired value, mechanical pressure of 6 MPa was applied to the samples by the small press machine for 20 min under atmosphere environment. For brevity, the treated samples are named as HT50-MC and the like. We refer to raw lignite directly treated by mechanical compression as MC.
2.2.3
Residual water content, water content, and equilibrium water content determination Samples (ca. 1.00 g) were separately placed in weighing bottles (m 1 , mass of the weighing bottle, lid, and sample).
Then, the open weighing bottles were positioned in a desiccator with one of a set of saturated salt solutions inside. The desiccator was placed in a 25 C room, and each saturated salt solution can maintain a speci c RH, as shown in Table 2 . RH was measured by hygrometer. After several hours the weighing bottles were taken out, closed with lids, and weighted (m i ). Experiments were repeated until reaching the equilibrium (m i,e ), and water content is called EWC in such a case. The RWC and EWC of sample were measured by the method used in our previous work 18) . In brief, after reaching equilibrium, weighing bottles without lids were placed in an oven (WFO-50, Eyela, Japan) at 105 C. After 6 h, the weighing bottles were taken out, cooled in a desiccator, and weighed with lids (m b ). The RWC of the total weight (tw) of sample was calculated using
where m w is the mass of the weighing bottle and lid. The water content of the total weight (tw) of sample was calculated using
EWC of the total weight (tw) of sample was calculated using
EWC of lignite of 100 g, on a dry (d) basis, was calculated using
The experiments were repeated three times.
Characterization
The number of carboxyl groups was measured by an improved barium exchange technique 19) . Mesopore (pores 2 to 50 nm diameter) volume was calculated based on N 2 gas adsorption-desorption isotherms, which were measured by a high precision-special surface area/pore size distribution unit (BELSORP-max, BEL, Japan) using Barrett, Joyner, and Halenda proposed method, BJH method. For N 2 adsorption-desorption experiment, pretreatment under vacuum at 110 C for 15 h was performed to remove the adsorbed gases. All experiments were performed at least two times. Figure 2 shows the effects of HT and HT-MC on RWCs. It Table 1 Proximate and ultimate analyses of raw lignite.
Results and Discussion
Effect of HT and HT-MC on RWC
lignite Proximate analysis (wt %) Ultimate analysis (wt %, daf) can be seen from Fig. 2 (a) that a signi cant decrease in RWCs of HT samples was observed when temperature was below 200 C and RWCs of HT samples were relatively high. Furthermore, above 200 C, an increase in temperature led to only a slight reduction in RWCs of HT samples. Therefore, mechanical compression at 110 C under atmosphere condition was employed to dewater the remaining water after HT. As can be seen from Fig. 2 (b), RWCs of HT-MC samples decreased apparently compared to the corresponding HT products and HT-MC technique described here produced low RWC products. As mentioned in the introduction, dewatered lignite is easy to re-adsorb water, so it is meaningful to investigate the performance of EWC of HT and HT-MC treated samples and its mechanism.
Analysis of factors that control EWC at various RHs
To investigate the relationship between RH and EWC, EWCs variations against all of the RHs are shown in Fig. 3 . These isotherms can be divided into three regions. The slope of region 1 (RH ≤ 10%) is greater than that of region 2 (10 < RH ≤ 92%), suggesting a stronger monolayer adsorption capacity. The higher monolayer adsorption capacity can be attributed to that monolayer water molecules interact with the surface of lignite by hydrogen bonds with the adsorption active sites. As mentioned above, hydrophilic carboxyl groups act in the primary active adsorption sites, which have a greater af nity to chemically bind the water. With increasing RH, a decreased slope is observed in region 2 because the extra adsorbed water is in the form of bound water. The amount of bound water is mainly determined by the amount of monolayer water and mesopore volume. The lower adsorption capacity in region 2 is because water-water bonding energy and capillary force are smaller than the bonding energy of hydrogen bonds. As the RH increased further, the increased slope of region 3 (RH > 92%) corresponds to more free volume allowing the lling of more amount of free water. The division is coincident with Allardice et al. 20) , Fei et al. 21) , and Charrière et al. 15) , who reported that the factors that control water adsorption at RHs lower than 92% differ from those that control the extra water adsorbed at RHs higher than 92% 20) ; there is a good linear correlation between the EWCs at RHs = 11, 32, and 51% 21) ; and adsorption process of water vapor in coal with increasing RH includes four stages, and the slopes of the second and third stages are similar 15) . The factors that control EWCs at different RHs are systematically discussed later (Sections 3.1.2, 3.1.3, and 3.1.4). It is interesting that for raw lignite and HT50, there was the non-linear correlation between the EWCs and RHs = 10, 42, and 92%. Figure 4 shows the effect of time on water content at RH = 92%. As can be seen, raw and HT50 dewatered at RH = 92% [ Fig. 4(a) ]. Furthermore, RWCs of raw lignite and HT50 were 57.47 and 50.22%, respectively, which were signi cantly relatively high. It also known that free water is the most easily removed one among all types of water. These indicate that the removed water was mainly in the form of free water for raw and HT50. Meanwhile, for sample of HT100, its water content changed slightly with time. However, the other HT treated samples and HT-MC treated samples re-adsorbed water under the same condition (Fig. 4) . The EWCs of raw lignite and HT50 at RH = 92%, whose values were 31.03 and 31.50%, respectively, were apparently higher than that of HT100, HT150, HT200, and HT250, whose values were 22.70, 14.96, 10.81, and 8.72%, respectively. On the basis of the above analyses, the forms of EWCs at RH = 92% for raw lignite and HT50 include fractional free water besides bound water. Consequently, one possible explanation of the changed slope in the RH range of 42-92% is that the existing water includes fractional free water besides bound water for raw lignite and HT50, while the other samples just contain bound water.
As to HT-MC treated samples, their changes in EWC with increasing RH were similar to those of HT treated samples at temperature higher than 100 C. Note that the slope of HT-MC250 at RH below 10% is extraordinary relative to the other HT-MC samples in the same RH range, which can be attributed to that the measurement uncertainty in EWC of HT-MC250 at RH = 6% is greater than those of the others because in this narrow RH range EWC of HT-MC250 sample changes more slightly compared with the others.
It was also observed that EWCs at all of the RHs decreased with increasing processing temperature of HT and HT-MC. EWCs of samples obtained from HT-MC were lower than those of samples obtained from HT, which suggests that HT and HT-MC can upgrade the lignite by reducing water loading capacity and HT-MC was better than HT. At low RHs (RH ≤ 10%), the factor that controls EWC is water molecules-active sites interactions (Detailed analysis is shown in Section 3.1.2). Therefore, the decrease in EWC with increasing temperature of HT and HT-MC within low RH range is because of the decrease trend in the concentrations of carboxyl groups (Table 3) . The difference between EWCs of HT and HT-MC treated samples at low RHs was not signi cant due to the slight changes in carboxyl groups between HT and HT-MC samples. At medium RHs (10 < RH ≤ 92%), the effects of the amount of monolayer water and mesopore volume on EWC are important (Detailed analysis is shown in Section 3.1.3). Thus, the difference between EWCs of HT and HT-MC treated samples at medium RHs became more clearly, which can be attributed to mesopore volumes of HT-MC samples are smaller than those of corresponding HT samples (Table 3) . At high RHs (RH > 92%), EWC is strongly in uenced by the comprehensive factors including total volume of macropores and cracks, the size of spaces between the particles, the concentration of carboxyl groups, and interaction between water molecules (Detailed analysis is shown in Section 3.1.4). Hence, the changes in EWC with increasing temperature and the lower EWCs of HT-MC samples relative to HT samples are dependent on the factors that affect EWC in this RH range.
Analysis of factor that controls EWC at low RHs
The EWC at ca. RH = 10% corresponds to monolayer adsorption water, which is not strongly related to the surface area but signi cantly in uenced by the active adsorption sites on the surface of lignite 8) . Carboxyl groups are the primary active adsorption sites 10) . Furthermore, the slope of RHs lower than 10% is different from those of the other RH regions (Fig. 3) . Therefore, the concentrations of carboxyl groups are plotted against the EWC at RH = 10% for a quantitative discussion of the relationship between carboxyl groups and monolayer adsorption capacity, as shown in Fig. 5 . The slope is 1.31 with a moderately good correlation (R 2 = 0.66), which means that each carboxyl group bound one to two water molecules to complete the monolayer adsorption.
Carboxyl groups are the preferential active adsorption sites of monolayer water adsorption. Meanwhile, other oxygen-containing functional groups (e.g., hydroxyl and carbonyl groups), whose water adsorption capacity is less signi cant compare with that of carboxyl groups, and cations-exchanged oxygen-containing functional groups (e.g., carboxylate and phenolate), which could result in a greater af nity for water relative to corresponding oxygen-containing functional groups, are also able to act as the active adsorption sites of monolayer adsorption 11, 22) . In summary, carboxyl groups are the main factor that controls monolayer adsorption capacity but not the only one. Therefore, a moderately good correlation between carboxyl groups and EWCs at RH = 10% was observed.
Analysis of factor that controls EWC at medium
RHs The EWC at RH = 42% is main in the form of multilayer water. Literature has proposed that water adsorption is involved at active adsorption sites on the surface of lignite, which have high binding energies. Afterward, the monolayer water molecules occupied the active adsorption sites play the role of the secondary adsorption sites, having lower binding energies, because of water molecules interactions 13) . This phenomenon induces the formation of water clusters 15) . Charrière et al. 15) also concluded that after the adsorption of water on active adsorption sites on the surface of lignite, the surface is weakly hydrophilic. Actually, the amount of multilayer water is determined by monolayer water content. Therefore, the EWC at RH = 10% is plotted against the EWC at RH = 42% to investigate the effect of monolayer water on multilayer water, as shown in Fig. 6 . The slope is 2.05 with a high correlation coef cient (R 2 = 0.90), suggesting that ca. two multilayer water molecules were bound to each monolayer water molecule via water-water interaction. At the RH, the amount of EWC is high enough to form water clusters around active adsorption sites.
A high correlation between the EWCs at RHs of 10% and 42% was found, but moderately good between the EWCs at RHs of 10% and 92% [R 2 = 0.73, Fig. 7(a) ]. A RH increase will lead to an increase in EWC with water clusters growing and pores lling, and the main type of the EWC at RH = 92% in lignite is capillary water which is also affected by the mesoproe volume. Therefore, Fig. 7(b) plots EWC at RH = 92% as a function of mesopore volume. It was found that the linear correlation between the EWC at RH = 92% and mesopore volume decreased further (R 2 = 0.49). These results are because the EWC at the RH is mainly determined by both monolayer water content and mesopore volume. However, other factors, such as capillary force and bonding energies between capillary water molecules, also have an effect on EWC. Furthermore, multilayer water also exists at the RH. As shown in Fig. 3 (big error bar) , the measurement uncertainty in the EWC at RH = 92% was greater than that at low RHs. Consequently, the comprehensive effect of the above factors nally leads to the results. Generally, there was a good linear correlation between EWC in the RH range 10-92% (Fig. 3) . However, based on the above analyses, the factor that control EWCs in the RH from 10 to 42% differs from that in the RH range 42-92%. It is known that multilayer water exists in the RH range 10-42% and the extra adsorbed water is in the form of capillary with further increasing RH. Allardice et al. 8) reported that the transition in the isosteric heat from capillary water to multilayer water is indistinct, which can be attributed that some overlap where the more-loosely-held multilayer water is desorbed simultaneously with capillary water held tenaciously in small pores. Furthermore, Multilayer (except the second layer) and capillary water are bound water 9) . These may be the reason for the same slope of the two RH ranges.
Analysis of factor that controls EWC at high RHs
As RH increases further, more water is being adsorbed on lignite, and nally EWC increases. In this stage, the increased EWC is in the type of free water which is contained in the places such as spaces between the lignite particles, macropores, and intraparticle cracks 23) . Meanwhile, forms of monolayer, multilayer, and capillary water also exist. Furthermore, the slope in the RH range higher than 92% changes (Fig. 3) . Therefore, the factors that control EWC at high RHs changed. Based on the forms of water in lignite at high RHs and their in uence factors, it can be concluded that these factors (e.g., total volume of macropores and cracks, the size of spaces between the particles, the content of carboxyl groups, and interaction between water molecules) signi cantly affect the EWC at high RHs. Because the comprehensive effect of these factors on EWC is very complicated, it is dif cult to further discuss.
Mechanism of EWC in lignite at various RHs
The porous structure of lignite mainly comprises of mesopores and macropores 24) and the similar result that micropores of the lignite can be negligibly was found by adsorptiondesorption isotherms of N 2 at 77 K (not shown). These suggest that EWC is greatly controlled by mesopores and macropores in porous structure aspect, which is one of the most important factors that in uence EWC. Furthermore, spaces between lignite particles and intraparticle cracks also have a signi cant effect on EWC. Based on the results and discussion presented above, a mechanism of EWC in lignite at various RHs is proposed, as shown in Fig. 8 . At low RHs, water molecules are bound to active adsorption sites on the surface of lignite and carboxyl groups are the preferential active adsorption sties. Each carboxyl group binds one to two molecules. This roughly falls in the range of monolayer adsorption. The monolayer water is in the type of non-freezable water. Because the van der Waals diameter of a water molecule is ca. 0.3 nm 25) , the thickness of the monolayer adsorption is about 0.3 nm [ Fig. 8(a) ]. With increasing RH, water molecules are associated with monolayer water molecules, which act in the secondary active adsorption sites. Each monolayer water molecule is occupied by ca. two multilayer water molecules via water-water interactions, meaning the formation of water clusters [ Fig. 8(b) ]. The second layer water belongs to non-freezable water and the other multilayer water is a part of bound water. As the RH increases further, more water molecules are lled in mesopores, which causes the growth of water clusters and the continuous lling of mesopores [ Fig. 8(c) ]. The increased water in this RH range exists in the form of capillary water, a constituent of bound water. At high RHs, with increased EWC as a result of increased RH, the lling of spaces between lignite particles, macropores, and cracks occurs. The additional increased EWC is in the forms of free water [ Fig. 8(d) ].
Effect of RWC on EWC at various RHs
Shown in Fig. 9 is the relationship between EWCs at various RHs and RWCs. As can be seen, if the RWC of one HT treated sample was higher than that of another sample, its EWC showed a general trend of higher than that other sample at all of the RHs. The same relationship between EWCs and RWCs was also obtained for HT-MC treated samples. It is interesting that for a sample below a threshold residual water level (ca. 5 to 16%), its EWC was higher than its RWC. This trend was generally observed. The opposite relationship was found for samples with RWC higher than 16%. However, for samples within the threshold, EWC can be either higher or lower than RWC depending on RH. The study of Hulston et al.
3) on samples with RWC higher than ca.16% showed that the EWCs at RH = 96% are slightly lower than the RWCs in the RWC range of about 16-44%. Above a RWC of 44%, the EWCs at RH = 96% is substantially lower than the RWCs. Similar results have also been reported by Vogt et al. 1) . Compared with the previous works 1, 3) , we extended the ranges of RWC and RH, and found that the relationships between RWC and EWC below a RWC of 5%, within a threshold residual water level (ca. 5 to 16%), and above a RWC of 16% differ from each other, which is signi cant and can provide information for the operation of lignite dewatering technique, the control of its water re-adsorption, and storage. If RWC of a sample is below 5%, EWC of the sample will increase, indicating that water re-adsorption will occur under atmosphere condition during storage. Therefore, some measures should be taken to forbid the re-adsorption. If RWC of a samples is within a threshold level (ca. 5~16%), EWC of the sample will increase or decrease, suggesting that the sample will either re-adsorb or dewater depending on the RH in the locality. As a consequence, corresponding measures should be taken according to the RH. If RWC of a sample is above 16%, EWC of the sample will decrease. Consequently, measures do not need to be taken. On the other hand, taking relationship between EWC and RWC and avoiding re-adsorption into account, some information for the extent of dewatering of lignite can be obtained in target-user location.
Conclusions
In the present work, EWCs at all of the RHs decreased with increasing temperature of HT and HT-MC, and EWCs of HT-MC samples were lower than those of corresponding HT samples, suggesting that HT and HT-MC can upgrade the lignite by reducing water loading capacity and HT-MC was better than HT.
At low RHs (RH ≤ 10%), the factor that controls EWC is water molecules-active sites interactions and each carboxyl group is occupied by one water molecule. At medium RHs (10 < RH ≤ 92%), the amount of monolayer water and mesopore volume are more important and each monolayer water molecule binds ca. two multilayer water molecules. However, at high RHs (RH > 92%), EWC is related to the comprehensive factors including total volume of macropores and cracks, the size of spaces between the particles, the amount of carboxyl groups, and interactions between water molecules.
The relationship between RWC and EWC has a threshold residual water level (ca. 5 to 16%). EWC was generally higher than RWC below a RWC of ca. 5% and the opposite relationship was observed in the RWC range above ca. 16%. Within the threshold, EWC can be either higher or lower than RWC depending on RH. These can provide information for the operation of lignite dewatering technology, the control of its water re-adsorption, and storage.
